ABSTRACT. Short-term studies have demonstrated that drainage water management (DWM),
, but the difference was not significant. The reduction in NO 3 -N export observed in the CD treatment was equal to the increase in N removed by the harvested grain. The results document the effects of CD on NO 3 -N export over a wide range of weather conditions during the nine-year study. While the average 30% reduction in NO 3 -N losses in drainage water is in the midrange of that reported by previous studies for different soils and climates, this is believed to be the first time such a reduction has been attributed to the effect of CD on increasing yields and N removed in the harvested grain. Keywords. Controlled drainage (CD), Corn, Drainage water, Drainage water management (DWM),
pproximately 625 million ha (41% of the world's total cropland) requires improved drainage to support consistent and sustainable production of food and fiber (Smedema et al., 2004) . Drainage systems remove excessive soil water to enable timely planting and harvesting, promote plant growth, and increase yields and profits (Skaggs and van Schilfgaarde, 1999) . Improved drainage also significantly changes the quality of the water draining from those lands (Williams et al., 2015; Gilliam et al., 1999) . Increasing the intensity of subsurface drainage increases the amount of soluble nitrogen (N), mostly in the form of nitrate-N (NO 3 -N), leached from the soil and exported in the drainage water while decreasing surface runoff and sediment losses (Gilliam et al., 1999; Skaggs et al., 1982) . Such nonpoint sources of N from agricultural lands are considered significant contributors to nutrient enrichment of rivers and estuaries in North Carolina (Craig and Kuenzler, 1983; Evans and Skaggs, 2004) . Multiple studies have shown that most of the nitrate-N in the Mississippi River comes from the upper Midwest through an extensive network of subsurface drains underlying millions of hectares of cropland (Robertson et al., 2009; David et al., 2010; Jaynes, 2012; Helmers et al., 2012; Williams et al., 2015) . Studies in eastern Canada (Sunohara et al., 2014) have found similar results.
Nitrate-N losses to surface waters contribute to algal blooms, which lead to eutrophication as the algae die and decompose. The resulting depletion of oxygen causes hypoxic conditions (dissolved oxygen less than 2 mg L -1 ), which result in fish kills and degradation of the quality of streams, rivers, and estuaries (Gilliam and Terry, 1973; Gilliam et al., 1999) . The Committee on Environment and Natural Resources (CENR, 2010) identified excess nitrate as the leading contributor to hypoxic zones at over 300 locations in U.S. estuaries and coastal waters. The most prominent example is the large dead zone in the Gulf of Mexico, which is attributed to the large load of nitrate-N delivered by the Mississippi River (Rabalais et al., 2010) . Subsurface drainage promotes aerobic conditions in the root zone, which lead to N mineralization (organic N  NH 4 + ) and nitrification (NH 4 +  NO 3 -). Nitrate is soluble in water and can be readily leached to groundwater or by subsurface drainage to surface waters. Nitrate leaching is highly variable and depends on soil properties, crop, fertilization rates, irrigation management, and climatic and hydrologic conditions (Nightingale, 1972) . For artificially drained soils, nitrate leaching is also strongly dependent on drainage system design and management .
Recent drainage research has focused on developing and testing best management practices (BMPs) to reduce N export from drained lands without compromising crop production. The design and intensity of subsurface drainage systems have a substantial impact on nitrate losses in drainage waters. Skaggs et al. (2005) used field data from Kladivko et al. (1999 Kladivko et al. ( , 2004 and Gilliam and Skaggs (1986) to plot NO 3 -N losses as a function of subsurface drainage intensity (DI). DI is defined as the drainage rate that occurs when the water table midway between parallel drains is just coincident with the surface. Their results showed that increasing the DI from 1 to 2 cm d -1 for a corn-wheat-soybean rotation in the North Carolina Coastal Plain would increase the average annual NO 3 -N losses in drainage water by a factor of 3 (from 10 to 30 kg ha
). A summary of a comprehensive database of drainage studies (Christianson and Harmel, 2015) showed that N load generally increased with increasing drain depth and decreasing drain spacing, both of which affect DI. summarized data from 14 field sites in North Carolina. They reported that the average total N loss from fields with only surface drainage was 13.8 kg N ha . It follows that an effective method for reducing NO 3 -N losses from drained lands is to design and install drainage systems with the minimum DI required for economic crop production . Installing drainage systems with a DI higher than necessary for optimal economic crop production will increase both the costs of the system and the drainage losses of NO 3 -N. Subsurface DI can be reduced without compromising yields and profits by providing good surface drainage as part of the overall drainage system .
Methods and guidelines for designing drainage systems to minimize NO 3 -N losses are useful for new or replacement systems, but not for the millions of acres of drained land with existing systems. An effective method for reducing DI on existing drained lands is to use controlled drainage (CD) to reduce DI during periods when drainage is not necessary, or during periods when it can be reduced without damage to the crop. The first studies on the use of CD to reduce NO 3 -N losses from drained lands were conducted by Gilliam et al. (1979) in eastern North Carolina. They found that CD during the winter months reduced drainage volumes and NO 3 -N losses by about 50%. They observed that CD did not substantially affect the NO 3 -N concentrations in the drainage water but increased the deep and lateral seepage that passed through reduced (denitrification) zones. Denitrification in those zones removed nitrate before it entered surface or groundwater. Additional field studies showed that CD reduced NO 3 -N losses from three North Carolina sites by 18% to 56%. Since that time, studies on the effectiveness of CD have been conducted for a wide range of locations, soils, and climates. Research in Iowa (Helmers et al., 2012; Jaynes, 2012) , Indiana (Adeuya et al., 2012) , Illinois (Cooke and Verma, 2012) , Ohio (Fausey, 2005) , Ontario (Drury et al., 2009; Sunohara et al., 2014) , and Sweden (Wesstrom and Messing, 2007) reported results from field studies. CD reduced losses of NO 3 -N in drainage waters in all cases, with reported reductions ranging from 18% to more than 80%. In nearly all cases, the percentage reduction in NO 3 -N loss was about the same as the reduction in subsurface drainage volume. CD reduces drainage volume by increasing evapotranspiration (ET), surface runoff, and seepage (Skaggs et al., 2010; Youssef et al., 2018) . The relative impacts on the different hydrologic processes are dependent on soil properties, drainage system design and CD management, weather, and crops. The effect of CD on N losses depends on its effect on drainage volume as well as on N dynamics in the soil profile. Where CD conserves water during the growing season and increases yields, some of the N that would otherwise be lost with drainage water is taken up by the crop. In general, such production practices increase crop yield, increase N removed in the crop harvest, and reduce loss of N to the drainage water. An exception is the application of increased amounts N fertilizer, which nearly always results in increased losses of nitrate-N through the drainage system (Kladivko et al., 2004) . CD may also decrease nitrate-N losses in drainage water by increasing denitrification of both the subsurface drainage water and the seepage that passes through reduced zones (Gilliam et al., 1979; Youssef et al., 2018) .
The wide range of results reported in the literature for the effectiveness of CD in reducing nitrate-N losses in drainage water is assumed to be due to differences in soils, drainage system design, CD management, climate, and other factors previously mentioned. Most of the studies were relatively short-term (two to four years) and therefore provided only limited opportunity to study the year-to-year variability in the performance of the CD practice. The objective of this research was to experimentally determine the effects of CD on crop yields and N losses in drainage water over an extended period. Effects of CD on crop yields for a three-crop, twoyear rotation of corn-wheat-soybean were reported by Poole et al. (2013) . This article reports the effect of CD on drainage volume and nitrate-N losses based on nine years of observations on replicated plots in eastern North Carolina.
MATERIALS AND METHODS

SITE AND DRAINAGE SYSTEM
The research was conducted on a 13.8 ha field at the Tidewater Research Station near Plymouth (35° 50 44.79 N, 76° 40 4.47 W) in eastern North Carolina. The originally forested site was cleared for agriculture in 1975. It is nearly flat and is bound on all four sides by drainage canals that are 1.5 to 2.0 m deep. A subsurface drainage system consisting of parallel plastic drains (10 cm diameter) spaced 22.9 m apart at an average depth of 0.9 m was installed in 1985. Initial studies indicated that the effectiveness of the drainage system was limited by the low hydraulic conductivity of the soil at the drain depth, and a new set of drains was installed in 1991 at an average depth of 1.15 m. The new drains were installed midway between the old drain lines, which were closed by valves for this study. This effectively divided the site into eight plots, with each 1.5 ha plot consisting of the land drained by three adjacent "new" subsurface drains ( fig. 1 ). The research reported in this article was conducted on plots 2, 3, 4, and 5, which have the same soil series, drainage, and boundary conditions. Drain flow rates and other measurements were conducted on the center drain of each plot. The guard lines on either side of the central drain were routed to a separate but identically controlled outlet to hydraulically isolate the 0.5 ha area drained by the center drains from the influence of treatments in adjacent plots.
Several research studies have been previously conducted on the site. Munster et al. (1994) determined the effects of drainage and CD on losses of the pesticide aldicarb (2-methyl-2-(methylthio) propionaldehyde O-(methylcarbamoyl) oxime), and Breve et al. (1997) and Youssef et al. (2006) developed and tested simulation models for predicting N losses in drainage waters and the N cycle in drained lands. Data were collected for the years 1992-1994 and 2007-2012. Results from plots 2 through 5 were used in this study to analyze the effect of CD on N losses via subsurface drainage. Two of the plots were operated in conventional or free drainage (FD) mode, and the other two plots were operated in CD mode. The soil is classified as Portsmouth sandy loam (fineloamy, siliceous, thermic, Typic Umbraquult), a very poorly drained soil formed in loamy fluvial and marine sediments. The surface horizon is a black fine sandy loam 0.3 m thick with 3% to 5% organic matter. Several layers of fine sandy loam extend to a sandy clay loam layer (0.5 to 0.9 m), which is underlain by alternating thin layers of sandy loam or loamy sand and silt to a depth of 1.0 to 1.2 m, over a layer of gray sand or sandy loam mixed with pockets of sandy clay loam or clay loam to a depth of 2.4 m. Below this depth is a deposit of tight marine clay about 6.1 m thick (Breve et al., 1997) . Field effective soil hydraulic properties of the site based on measured drain flow rates and water table elevations were determined by Youssef et al. (2006) , who found there was some variability in field effective hydraulic conductivity (K) from plot to plot, and by Skaggs et al. (2012) , respectively (Skaggs, 2017) . The drainage coefficient (DC), or hydraulic capacity of the outlet, is approximately 14 mm d -1 . The center subsurface drain of each plot discharges to a 61 cm diameter, 1.8 m tall cylindrical receiving tank in an underground vault of that plot's instrument house. Both guard lines discharge to an identical receiving tank. The receiving tanks are equipped with sump pumps, float switches, and digital flowmeters that automatically pump water from the receiving tanks to the drainage outlet ditch, control the water level in the tanks, and measure and record the drainage volumes. For FD, the float switches were set so that the water level in the receiving tank was always below the outlet of the drain. In CD, the float switches were set so that water was pumped when the water level in the tank exceeded the set point, which was higher than the drain. To prevent excessive cycling, the pumps were turned on when the water level exceeded the set point by 5 cm and off when it fell 5 cm below the set point. No water was pumped in to maintain the control water level, as would be done in subirrigation. A portion of the drainage water from the center drain was routed to a large sample container. The composite sample was collected at two-week intervals, or more frequently during high flow events, and then transported in coolers and frozen or stored at 4°C until analyzed in the North Carolina State University water quality labs. Water table depth was continuously measured in two 100 mm diameter water table observation wells in each plot. The wells were equipped with automatic recorders and data loggers programmed to measure and record the water table depth at 1 h intervals. The wells were located at the quarter points between the center and guard drains. Precipitation and meteorological data were collected with a Campbell CR-10 weather station installed near house 5 for the 1992-1994 period ( fig. 1 ). Parameters measured included rainfall, air and soil temperature, relative humidity, wind speed and direction, solar radiation, and net radiation. For the 2007-2012 period, these variables were measured at a North Carolina Climate Center weather station located 1 km northeast of the site at the Tidewater Research Station. Additional precipitation measurements were made with on-site recording tipping-bucket and manual rain gauges for the duration of the study. Monthly potential ET was estimated from measured air temperatures using the Thornthwaite method in DRAINMOD, with monthly correction factors based on long-term calculations with the Penman-Monteith equation.
The study site was planted to a three-crop, two-year rotation: corn in year 1, followed by wheat in year 1-2, and double-crop soybean in year 2. This cropping sequence is a typical rotation in the region. Corn, the first crop in the rotation, was planted in April and harvested in late August or September. Wheat was planted in mid-November and harvested in June of the following year. Soybean was planted shortly after wheat harvest and harvested in mid-November. The plots remained fallow after the soybean harvest until April of the following year, when corn is planted. The cropping rotation was then repeated. Cultivars and seeding rates varied during the study but remained consistent between treatments during specific growing seasons. The cropping sequence, CD weir settings from the ground surface, tillage practices, and timing and amounts of fertilizer applications for the nine years of observations (1992-1994 and 2007-2012) are given in table 2. The corn-wheat-soybean rotation continued on the site in the intervening years (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . CD continued on the site through 1998 . Arnold (2004) studied the effects of drain depth under FD on NO 3 -N losses in drainage waters on the site during 2001-2004. The drainage system for the three affected plots was converted back to the use of drains at 1.15 m depth in 2005, and the plots remained in FD until 2007. Tillage practices implemented at the Tidewater Research Station site included both conventional tillage and no-till. Corn and wheat were grown under both practices, and soybean was grown no-till only. Conventional tillage operations included one or two passes with a disk, one or two passes with a chisel, and then bedding or finishing with a field cultivator with rolling baskets. No-till crops were planted without land preparation.
Nitrogen fertilization followed common practices in the region. Nitrogen fertilizers were applied only to corn and wheat. The primary fertilizer was 30% UAN (33% urea + 42% ammonium nitrate), and it was also used in small quantities as a tank mix partner with weed control chemicals. Other fertilizer types, such as ammonium polyphosphate (10% N + 34% P 2 O 5 ), were also used. To control the pH of the topsoil, dolomitic lime was applied to the site a total of six times during the study years, as recommended by soil test reports (table 2) .
Crop yields were determined at harvest for each plot. Grain yield was measured by harvesting two zones located 6 m on either sides of the center drain line. The area of each zone varied slightly from year to year and from crop to crop depending on planting arrangement. On average, the corn harvest zones were 1.8 m wide by 23 m long. The wheat and soybean harvest zones were 4 m wide by 23 m long.
WATER TABLE MANAGEMENT
Experimental plots 2 through 5 were managed using either FD or CD during 1992 through 1994 and during 2007 through 2012. From 1992 to September 1993, plots 2 and 5 were managed in CD, and plots 3 and 4 were maintained in FD. Because startup delays after installation of the new 1.15 m deep drains (November 1991) prevented initiation of CD until March 1992, CD for the first two years (1992) (1993) was conducted only during the growing season and switched to FD when the plots were fallow. This is not the typical management protocol for CD, which includes control during fallow periods, and it likely lowered the reduction of N losses in drainage waters during this 20-month period compared to the typical use of CD. After corn harvest in September 1993, plots 2 and 3 were placed in FD, and plots 4 and 5 were placed in CD. The 1993 growing season was very dry, and corn yields were substantially reduced by drought stresses. Control on the CD plots was continued throughout the remainder of 1993 and all of 1994 at 0.3 m from the surface. The data for 1993 were analyzed and included in this study but only through the date of change in water table management (14 September 1993). Replicated studies of the effects of CD were discontinued at the end of 1994. The research resumed in 2007 with plots 2 and 5 in FD and plots 3 and 4 in CD. Table 2 lists the general CD weir settings by treatment. A more detailed description of the weir settings during the study can be found in Poole (2015) . Measurements continued for six years through 31 December 2012, providing a total of nine years of observations on the effects of CD on yields and NO 3 -N losses in drainage waters. Data were lost at times between 2007 and 2012 due to power outages, pump failures, or instrument malfunctions. When these periods occurred in one plot but not all the plots, missing values were estimated using an equation developed from a regression and correlation analysis with the plot that had the identical treatment. This equation was developed from a similar period that had no malfunctions. In cases when the period of missing data was short (less than three days), a direct substitution of the data from the plot with the same treatment was used. The majority of missing correlated periods had intermittent portions of reliable data. There were 22 occasions of pump, breaker, or instrumentation failures during the six-year period for the four plots combined (0.9 occasions per year per plot). Four of the 22 occasions lasted less than three days. The majority of these periods of missing data consisted of one-week to two-week intervals (total missing data resulting from pump or instrument failures was less than 2.4% of the six-year period). In situations involving complete power loss to all plots, data were not estimated, and the reported data reflect the power loss and what happened when power was restored.
STATISTICAL ANALYSIS
Data collected over a total of nine years (1992-1994 and 2007-2012) were analyzed to determine the effects of CD on the hydrology and N losses in drainage water and on the grain harvest. Results for CD were compared to results for FD on annual, seasonal, and more frequent bases.
Data for annual total drainage outflows, annual average water table depths, annual average flow-weighted NO 3 -N concentrations, total annual NO 3 -N export in drainage water, and NO 3 -N content in the harvested grain were paired by year and analyzed for drainage treatment effects using paired t-tests with PROC TTEST in SAS (SAS, 2003) . Regression relationships (CD versus FD) were developed for the same variables using PROC REG. There were two replicates per treatment in each year of the study. Tests within PROC REG confirmed that the residuals were normally distributed.
RESULTS AND DISCUSSION
Average annual precipitation for the nine-year study was 1145 mm, which is 12% below the 50-year 1993, 2007, and 2008, about average in 1994 and 2010 , and 10% greater than average in 2009.
Calculated potential evapotranspiration (PET) exceeded rainfall for 39 of the 63 months of the corn and soybean growing seasons (April through October) during the nineyear experimental period (table 3) . This indicates the potential for using CD to conserve water to supply some portion of crop ET demands during subsequent dry periods. Under FD, that water would be drained from the profile and removed from the field during wet periods. Even when PET exceeds precipitation for a month (negative values in table 3), rainfall may exceed PET for short periods. CD can potentially store much of the excess water in the profile to supply ET during subsequent dry periods.
Details comparing observed drainage rates, water table depths, N concentrations, and N losses in drainage waters for CD and FD on a daily or cumulative basis are presented for 1994 ( fig. 2) , when annual precipitation (1350 mm) was close to the long-term average of 1296 mm. Similar information is presented for a relatively dry year (2008), when precipitation was 930 mm ( fig. 3) , and for the wettest year of the study (2009), when precipitation was 1431 mm (fig. 4) . Similar details for the other six years of the study were reported by Poole (2015) . Results in each figure show averages of observed values from the two replications for the CD and FD treatments. (table 3) , which resulted in substantial yield reduction due to drought stresses. As a result of the reduced corn yield, the amount of N taken up by the crop was less than normal, leaving a greater than normal amount of N in the profile that was susceptible to leaching losses during the 1993-1994 drainage season (Chescheir et al., 1996) . A more aggressive CD strategy was used during this one year. The water level in the control structure was set at 0.3 m below the surface in September 1993 after corn harvest and maintained at that elevation through 1994. The combination of somewhat higher than average annual precipitation (1348 mm vs. 1295 mm) and a CD setting closer to the surface (0.3 m in 1994 vs. 0.45 to 0.5 m in other years) resulted in a greater reduction in drainage volume per unit area (215 mm) in 1994 than in any season during the study (table 4) .
On a temporal basis, the effects of CD are dependent on both the elevation of the CD setting and the amount and timing of rainfall. For example, CD reduced water table depths and daily drainage rates during days 1-100, 150-250, and 320-350 for wheat followed by soybean in 1994 ( fig. 2) . Drainage occurred in the FD treatments when the water table depth was less than the drain depth (about 1.15 m) and in the CD treatment when the water table depth was less than the CD control depth (0.3 m for 1994). Compared to FD, CD reduced the average water table depth by an average of 0.23 m and reduced annual drainage outflow by 50% for 
1994.
In the dry year of 2008 (rain = 930 mm, wheat-soybean), CD had a relatively large effect on outflows during days 40-110 (49.1 mm reduction compared to FD) and a similar effect during days 180-210 (40.2 mm reduction) when drainage resulting from about 160 mm of rainfall was only 25.6 mm for CD, compared to 65.8 mm for FD (fig. 3) . In this year, CD reduced the average water table depth by only 0.07 m, but drainage outflow was reduced by 133 mm (68.7%) compared to FD. On a percentage basis, this was the greatest impact on reducing annual drainage flows of the entire nine-year study.
CD had a substantial impact on the hydrology during all seasons in the wettest year of the study (2009, corn) (fig. 4) . Rainfall was well distributed over the year, with the water table in the CD plots frequently approaching the surface. Average water table depth for the CD treatment was 0.56 m, compared to 0.67 m for FD. Drainage outflows were reduced by only 100 mm (17%) by CD compared to FD for this relatively wet year. This illustrates an important point. When rainfall is well distributed and equal to or greater than ET, there is little opportunity to use the water stored in the profile by CD. The water table remained elevated, and drainage from the CD treatment continued at reduced rates for longer periods than in years when periods of excess rainfall were followed by long dry periods. The impact of reducing outflows by 100 mm (17%) in 2009 was substantial but, on a percentage basis, much less than the 133 mm, or 69%, reduction of outflows observed in the dry year (2008) .
A review of figures 2, 3, and 4 and the results for the other six years of observations (table 4) indicates that CD had an effect on drainage outflows (47.5% average reduction) early in the year (days 1 to 120) in seven of the nine years of the study (1994, 2007, 2008, 2009, 2010, 2011, and 2012) . CD had a substantial impact during the middle part of the year (days 120 to 240) in all years (60% average drainage reduction) and in the last third of the year (days 240 to 365) in five of the nine years (1994, 2008, 2010, 2011, and 2012) , with an average reduction in flow of 52%. These observations demonstrate the need for management of the drainage system on a year-round basis in North Carolina.
In all years, the water table reached the control setting during the late fall and early spring. The CD treatment routinely had less outflow during these periods compared to the FD treatment. This is typical of other studies conducted in North Carolina (Gilliam et al., 1979; Skaggs and Gilliam, 1981; Doty et al., 1975; Evans et al., , 1995 . Starting in May through September, depending on year, increasing ET from the crop and more sporadic rainfall events usually resulted in the water table falling below the level of control and, in some cases, at or below the tile depth ( figs. 2 through 4) . Drainage stopped in the CD treatment when the water table reached the control setting but continued to occur in the FD treatment until the water table reached the depth of the drains.
The period between 2007 and 2012 began relatively dry. Rainfall was 478 and 380 mm below the long-term average in 2007 and 2008, respectively. Consequently, the drainage outflow from both the FD and CD treatments ranged from 43% to 73% below the average outflows for the study. The reduction due to CD in 2007 was 53 mm, the lowest reduction due to CD of any year of the study. No flow occurred after day 165 during 2007 due to a severe drought. CD conserved 133 mm of water during 2008, which was also an extremely dry year. The majority of this drainage reduction (69 mm) occurred during one event in early July.
The period after 2008 had average to above-average rainfall. Drainage outflow from both treatments increased during the late summer months of 2009 due to more frequent rainfall events. CD reduced outflow by 100 mm in 2009. The outflows for both treatments were the highest recorded during the study (table 4). Reductions in drainage during 2010 and 2011 for CD occurred primarily during the winter, early spring, and fall in both years.
Drainage outflows and reductions in 2012 occurred soon after planting of soybean. Large rainfall events occurred in early June and throughout July. High water tables were observed in both treatments during the soybean growing season. Water tables above the control elevations during this period resulted in relatively large amounts of drainage from both the CD and FD treatments. More than 80% of the 2012 annual drainage occurred between 1 June and 31 December.
Average annual drainage outflows from the FD plots ranged from 150 mm in 2007 to 600 mm in 2009 (table 4) . Average annual outflows from the CD plots ranged from 61 mm in 2008 to 500 mm in 2009. The greatest annual reduction in drainage volume due to CD was 215 mm in 1994. The average annual reduction across all years was 113 mm (33%).
A paired t-test on the annual tile flow volumes showed that CD significantly lowered the drainage outflows by an average of 113 mm (95% confidence limits [83 and 144 mm], t(17) = 78.6, p < 0.0001). The 33% average flow reduction for the study is greater than the 12.5% reduction reported by Smith and Kellman (2011) and the 21% reduction reported by Jaynes (2012) and close to the 37% reduction reported by Helmers et al. (2012) . If the annual reductions from 1992 and 1993, when CD was not applied during the fallow season, are excluded from the analysis, the average reduction in annual drainage flows is 43%, which is close to the results reported by Gilliam et al. (1979) , Evans et al. (1995) , and Fausey et al. (2004) .
Water table depths for FD and CD are plotted for 1994, 2008, and 2009 in figures 2 through 4, respectively. On average, CD reduced the mean annual water table depth by 0.16 m. Except for 1993, when CD was only applied during an unusually dry corn growing season, CD reduced the average water table depth in every year of the study. The paired t-test showed that the average annual water table depth was significantly less for CD than for FD (p = 0.007).
EFFECT OF CD ON NO3-N LOSSES IN DRAINAGE WATER
In total, 366 FD water samples and 281 CD water samples were collected during the nine-year study. Annual flowweighted average NO 3 -N concentrations (FWANC) ranged from 1.1 to 11.5 mg N L , t(17) = 1.67, p < 0.11). These results are consistent with other field studies on the effect of CD on nitrate concentrations and losses, with some exceptions. Fausey (2005) found that average NO 3 -N concentrations in drainage water were higher for FD than for CD for corn, but not for soybean. Most other previous research on the subject has reported that CD had no significant impact on nitrate concentrations in drainage water and that reductions in N losses were due almost exclusively to reduced drainage volume (Gilliam et al., 1979; Evans et al., 1995; Jaynes, 2012; Helmers et al., 2012; Wesstrom and Messing, 2007) .
The largest NO 3 -N concentrations of the study were measured in 1994 when wheat and soybean were grown on the site. The annual FWANC values were 11.5 mg L by day 100. The concentrations for both treatments continued to decline thereafter to by the end of the year. The high concentrations were probably due to the sequence of events during 1993 when severe drought reduced corn yields to less than 60% of the average yield for the study (Poole et al., 2013) . Much of the fertilizer N applied for the corn crop was not taken up by the crop and remained in the soil profile. The control setting on the CD treatment (0.3 m below the surface) was initiated immediately after harvest (14 September 1993) and remained in place through 1994. Leaching of NO 3 -N in the drainage water of the FD treatment during the fall of 1993 removed more N and reduced the NO 3 -N concentrations compared to the CD treatment. In spite of the somewhat higher nitrate concentrations, CD reduced N losses in 1994 by more than 14 kg ha -1 compared to FD. Reduced drainage and leaching in the CD plots in 2007 and 2008 were apparently also responsible for increased NO 3 -N concentrations compared to FD in the drainage water during 2008 and 2009 (figs. 3D and 4D) . Thus, the impacts of CD on N losses in drainage water are dependent on legacy conditions and effects in past years. One of the advantages of conducting long-term studies is that there is more opportunity to observe and quantify the impacts of such effects. Recognition of such legacy effects is an obvious, strong reason for not randomizing treatments among plots on an annual basis. Annual losses of NO 3 -N were smaller for CD than for FD in every year of the study and for the nine years combined (table 6 ). The range of annual NO 3 -N losses was 1.8 to 51.0 kg ha (fig. 5) . The standard error of the slope was 0.037 (t = 19.5, p < 0.0001) . This slope implies that NO 3 -N losses from the CD treatment at this site were approximately 28% lower than FD losses, which is close to the 30% average difference measured in the study (table 6) .
Loss of NO 3 -N in drainage waters is obviously affected by both the drainage volume and the NO 3 -N concentration. Even though the average NO 3 -N concentration was about 0.9 mg L -1 greater for CD than for FD, the reduction in drainage volume for CD resulted in an average of 30% less NO 3 -N exported, as compared to FD. CD reduced NO 3 -N export in all years, with a range of 14% (1992) to 57.6% (2012). The average reduction reported here was smaller than that reported by Gilliam et al. (1979) for another site at the Tidewater Research Station, by Evans et al. (1995) for other North Carolina sites, by Fausey (2005) in Ohio, and by Helmers et al. (2012) in Iowa. The reductions are in the same range reported by Jaynes (2012) in Iowa and by Drury et al. (2009) in Ontario but greater than reductions reported by Tan et al. (1998) for a site in Ontario and by Adeuya et al. (2012) for two Indiana sites.
The hydrologic and biogeochemical mechanisms that cause CD to reduce NO 3 -N losses in drainage water are not likely the same for all sites. Gilliam et al. (1979) found that CD during the winter months at another Tidewater Research Station site (within 1 km of the current study site) reduced subsurface drainage by raising the water table and increasing deep and lateral seepage. Their measurements showed that such seepage traveled through reduced or denitrified zones in and below the soil profile, and they concluded that the reduction of NO 3 -N exported in drainage waters was due to denitrification in those zones. However, seepage appears to be of minor importance to the hydrology of the current site. Youssef et al. (2006) tested DRAINMOD-N II using six years of hydrologic data (1992) (1993) (1994) (1995) (1996) (1997) ) from the site. Water table depth, drainage rates, and cumulative monthly and annual drainage volumes were accurately predicted by assuming that seepage was negligible. In an earlier study on the site, Breve et al. (1997) found that NO 3 -N contents in soil water below the 1.8 m depth were negligible and that the zone below the 2.4 m depth was reduced, but there was no evidence of vertical seepage losses from the profile.
Another potentially important mechanism is the effect of CD on ET, crop yield, and the N removed in the harvested crop. The CD treatment in this study increased average corn yields by 11% and average soybean yields by 10% but had no significant impact on yields of winter wheat (Poole et al., 2013) . The measured annual NO 3 -N exported in the drainage water from each plot for each year (table 6) was added to the N exported in the harvested grain (table 7) to give the total N exported from the treatments by year (table 8). The two sources of N export were combined for each treatment to determine if the reduction of N lost in drainage water from the CD plots could be attributed to increases in N content in the harvested grain. There was no difference in total export of N between the two treatments (t = 0.29, p = 0.78). Total cumulative N export (grain + drainage water N) from the CD treatment over the nine-year study was within 1 kg ha -1 of the FD treatment (table 8) . In this case, it appears that the effectiveness of CD in reducing NO 3 -N losses in drainage waters can be explained by the increased uptake of N by the crop and its removal in the harvested grain. This has not been the case in other studies, where CD was found to be effective in reducing NO 3 -N losses in drainage water, but yields were not affected, or in some cases were reduced (Gilliam et al., 1979; Fausey, 2005; Drury, 2009; Helmers et al., 2012) . This does not imply that ET, crop yield, and reduced drainage losses of NO 3 -N were the only processes in the N cycle that were affected by CD. The CD treatment could have affected mineralization, N fixation, denitrification, and seepage, which could have impacted the N cycle and NO 3 -N lost in drainage water. Those processes were not measured in this study. Woli et al. (2010) argued that the apparent success of CD in reducing NO 3 -N losses cannot in general be explained by increases in denitrification in the surface soils. They argued that increases in denitrification, if they exist, are not sufficient to explain the difference in N loss attributed to CD in surface soils. However, the possible effect of denitrification on seepage water is not confined to surface soils. CD reduces DI and tends to return the subsurface flow direction and fate toward that which existed in the prior undrained state. Recent studies on a site without artificial subsurface drainage in the middle coastal plain of North Carolina indicated that about 50% of the NO 3 -N in water infiltrating agricultural lands and moving over long periods (~30 years) to natural streams is denitrified in groundwater. Another one-third of the NO 3 -N was lost by denitrification as the groundwater moved through bottom sediments to enter the stream. Thus, the use of CD to reduce drainage intensities could have substantial impacts on N losses in drainage waters. In the current study, CD conserved drainage water, increased yields, and removed N that, under FD, would have entered surface waters as a pollutant. In other studies, CD did not affect yields, but the researchers concluded that it increased seepage through reduced zones, either within or below the soil profile, where NO 3 -N was denitrified. It seems logical that the effect of CD on N exported in drainage water results from the cumulative impact of several processes that may vary from site to site, so it is not surprising that the effectiveness of the practice varies among sites, soils, locations, and weather conditions. 
CONCLUSION
A nine-year field study was conducted near Plymouth in eastern North Carolina to determine the effect of controlled drainage (CD) on subsurface drainage outflows and N losses in the drainage water. Rainfall was average to below average in all years except 2009, which was 10% above average. The magnitude of subsurface drainage measured in units of depth (mm, mm 3 mm -2 of surface area) was less for CD than for conventional or free drainage (FD) in every year of the study. CD reduced annual drainage volumes by 6% to 69% compared to FD, with an average reduction of 33%. Average annual water table depth for the CD treatment was 0.67 m, which was 0.16 m less that the average for FD over the nineyear study. The overall means of flow-weighted average NO 3 -N concentrations (FWANC) for the study duration were 6.4 mg L . The percentage reduction ranged from 14.5% to 57.6% with an average of 30% compared to the measured export for the FD treatment. The total reduction of NO 3 -N exported in drainage water from the CD plots was equal to the increase in N removed by the harvested grain in CD compared to the FD treatment over the nine-year study.
Most of the results presented here for the effects of CD on N loss in drainage water are not greatly different from those reported by others (table 1; Skaggs et al., 2012) . The average 30% reduction of NO 3 -N for CD compared to FD is in the midrange of the values reported in previous studies. As with most other studies, the percentage NO 3 -N reduction was close to that of the reduction in drainage volume. However, in this study, for the first time, the cause of the reduction in NO 3 -N loss in drainage water can be attributed to the additional N removed from the field by the increased grain yields harvested from the CD treatment. Another difference is the length of the study. Observations over a nine-year period increased confidence in the measured effects of CD on both crop yields and losses of NO 3 -N in drainage water, compared to typical field studies of three or four years duration. In this case, the extended study period provided two opportunities (1993-1994 and 2007-2009 ) to observe the effects of reduced yields due to drought conditions in one year on increased NO 3 -N losses and the effect of CD on those losses in the following years. Such effects might not have been observed in a shorter study.
